Most patients with Ellis-van Creveld syndrome (EvC) are identified with pathogenic changes in EVC or EVC2, however further genetic heterogeneity has been suggested. In this report we describe pathogenic splicing variants in WDR35, encoding retrograde intraflagellar transport protein 121 (IFT121), in three families with a clinical diagnosis of EvC but having a distinctive phenotype. To understand why WDR35 variants result in EvC, we analysed EVC, EVC2 and Smoothened (SMO) in IFT-A deficient cells. We found that the three proteins failed to localize to Wdr35 −/− cilia, but not to the cilium of the IFT retrograde motor mutant Dync2h1
Introduction
Ellis-van Creveld syndrome (EvC; MIM: 225500) is an autosomal recessive disorder which affects development of the skeleton, ectodermal appendages and heart (1, 2) . Typical manifestations of this condition include short limbs, short ribs, postaxial polydactyly, teeth abnormalities, multiple oral frenulae and nail dysplasia. In addition, two-thirds of patients are identified with congenital heart malformations, mainly in the form of atrioventricular canal defects. Involvement of other organs, including pulmonary and renal abnormalities, hypospadias and cryptorchidism has also been reported in few individuals (3) . Phenotypic severity varies in this condition with a proportion of cases resulting in early infant death due to respiratory insufficiency secondary to the thoracic dysplasia and the cardiac malformations. To date patients with EvC have only been described with pathogenic changes in two adjacent genes, EVC and EVC2 (4,5); however, several sequence variant screens have suggested wider genetic heterogeneity (6) (7) (8) . Approximately, 16% of affected individuals were reported with no disease-causing variants after sequencing all coding exons of EVC and EVC2 and testing for genomic rearrangements (7) .
Hedgehog (Hh) signalling is an essential developmental pathway that in vertebrates is coordinated at the primary cilium (9) . Previous work involving knockout mice demonstrated that the protein products of Evc and Evc2 form a ciliary transmembrane protein complex (EVC-EVC2) which is required for Hh signal transduction in a tissue-specific manner (10) (11) (12) . The bulk of the EvC complex localizes to the proximal end of cilia, just above the transition zone, where it physically interacts with the main activator of the pathway, Smoothened (SMO), restricting this protein to this section of the cilium (13) . Loss of EVC-EVC2 disrupts key events in Hh signalling. In the presence of the Hh agonist SAG, Evc-and Evc2-mutant cells failed to fully inhibit proteolytic production of GLI3 repressor (GLI3R) due to incomplete dissociation of inhibitory SUFU-GLI3 full length (GLI3FL) complexes, and showed impaired recruitment of GLI3 to cilia tips, hence limiting the induction of Hh-target genes (11, 13, 14) . An additional role of EVC-EVC2 in the generation of GLI transcriptional activator species or their trafficking to the nucleus has also been suggested following the observation that shRNA-depletion of EVC downregulated ligand-independent hyperactivation of Hh signalling in Sufu −/− cells (11) . Moreover, the EvC complex is tethered to the cilium base by interacting with a second protein complex containing EFCAB7 and IQCE, proteins which are required for the activation of the transcription factor GLI2 (15) . These experiments place EVC-EVC2 at a critical point in vertebrate Hh signalling modulating GLI transcription factor activity downstream of SMO. Construction and structural maintenance of primary cilia relies on the intraflagellar transport system (IFT). This ancient and highly conserved machinery consists of two multiprotein complexes, IFT-A and IFT-B, which in association with the molecular motors, cytoplasmic dynein 2 and kinesin II respectively, circulate protein cargos along the cilium in retrograde (IFT-A) or anterograde (IFT-B) orientation (16) . IFT121 is an IFT-A subunit which is encoded by WDR35. Recessive variants in this gene, as well as in three other IFT-A components, IFT122, IFT43 and WDR19 (IFT144), have been associated with Sensenbrenner syndrome or cranioectodermal dysplasia (CED1-4; MIMs: 218330, 613610, 614099, 614378) (17) (18) (19) (20) . CED patients are characterized by distinctive craniofacial features including forehead bossing, dolichocephaly and sagital craniosynostosis, short limbs, short ribs, brachydactyly and ectodermal abnormalities involving hair, nails and teeth. Some patients have also been reported with retinal dystrophy, renal and liver disease and brain anomalies (21) (22) (23) . Additionally, predicted null variants in WDR35 were reported in three fetuses from two families with an unclassified form of short rib polydactyly (SRPS5; MIM: 614091). The two fetuses from one family were described with acromesomelic hypomineralization, campomelia, polysyndactyly, cystic kidneys and laterality defects and the fetus from the other family was found with extreme micromelia, postaxial polydactyly and facial abnormalities (24) .
Herein, we show that novel specific variants in WDR35 account for a new form of EvC and mechanistically that IFT121 is specifically required for the proper ciliary localization of the EVC-EVC2 complex and the enrichment of SMO in cilia in response to Hh signalling. Our work supports extended screening of EvC cohorts for pathogenic variants, in particular splicing variants, in IFT-A components.
Results

Clinical description
Patients in this study include five individuals (cases 1-5) from three independent families identified with EvC but also having some additional features which are found in CED. Detailed clinical description of these patients is in Supplemental Material and a comparison of their phenotypes with respect to EvC and CED is summarized in Table 1 .
Identification of WDR35 pathogenic variants in patients with EvC
Analysis of EVC and EVC2 in case 1 (consanguineous family 1: Fig. 1A -C) by direct sequencing of coding exons showed no pathogenic changes, pointing to an additional gene. However, as not all types of genetic alterations are detectable with this technique, and the parents were first cousins, we performed SNP arraybased homozygosity mapping in the three siblings of the family. Neither of the two affected brothers (cases 1 and 2) were found to be homozygous at the EVC/EVC2 locus, thus proving lack of linkage to the EvC region. To search for the new causative gene we conducted whole-exome sequencing (WES) of case 1. Filtering of WES data assuming a recessive model of inheritance provided putative candidate nucleotide variants in 15 genes (Supplementary Material, Tables S1-S3) , with three changes being located within the homozygous regions shared only by the two affected children. Among these three changes we detected a T>A nucleotide transversion in intron 2 of WDR35 at position −18 with respect to exon 3 (c.143−18T>A; Chr2:20182313 A>T; Supplementary Material, Fig. S1A ) which was selected as the best candidate because of the known involvement of WDR35 in other skeletal ciliopathies (19, 24) . The c.143−18T>A variant was embedded in a homozygous block of 12 and 7 Mb in each patient, but not in the normal brother, and was not listed in the 1000 Genomes, the NHLBI Exome Variant Server (EVS) or the Exome Aggregation Consortium (ExAC) browsers (Cambridge, MA, USA; URL: http:// exac.broadinstitute.org) [March, 2015) ]. Sanger sequencing confirmed the presence of the c.143−18T>A transversion in homozygosis in cases 1 and 2 and in the heterozygous state in the parents. The sequence from the unaffected brother was normal. We anticipated that if the c.143−18T>A change was to be pathogenic it should affect splicing. Due to the death of the affected children, we performed RT-PCR between the 5′-UTR and exon 7 of WDR35 in peripheral blood RNA from both progenitors. As a Human Molecular Genetics, 2015, Vol. 24, No. 14 | 4127 result, in addition to the expected wild-type RT-PCR product, we amplified and sequenced a smaller cDNA fragment that was shown to correspond to exon 3 skipping (Fig. 1D) . Elimination of this exon in cDNA results in the in-frame deletion of 24 amino acids. Real-time RT-PCR showed that the amount of wild-type transcript in each parent was 30 ± 0.05% and 41 ± 0.07% with respect to a normal control (Supplementary Material, Fig. S2 ). To prove that the −18T>A variant was the change responsible for the aberrant splicing, we generated normal and mutant WDR35 minigenes differing only in the −18T>A substitution and we transfected them into COS-7 cells. RT-PCR followed by sequence analysis of the amplified products revealed no inclusion of exon 3 in the cells treated with the mutant construct, demonstrating that the tested variant was pathogenic (Supplementary Material, Fig. S1B-D) . This experiment and the reduced proportion of wild-type transcript in both parents strongly suggest that no wild-type transcript would have been produced in the affected children. However, since tissue from these cases was not available, we cannot be absolutely certain whether a small fraction of normal transcript could still have been synthesized. To ascertain the molecular mechanism behind the −18T>A variant we performed a series of transfections using minigenes generated by site-directed mutagenesis. We found that when the EvC-associated variant in WDR35 was either deleted (−18delA) or altered to other nucleotide (−18A>G), exon 3 was incorporated into the transcript, suggesting that the c.143−18T>A change likely generated an intronic splicing silencer (ISS). Consistent with this, G>A mutagenesis or deletion of surrounding nucleotides at positions −21G or −17G in the context of the −18A construct also resulted in exon 3 inclusion. On the contrary, mutagenesis of −22, −20, −19 and −16 to −13 nucleotide positions did not rescue exon 3 splicing in the −18A minigene. Considering all these data, we proposed the GYYAG nucleotide motif as the putative minimal sequence of the silencer. To test this hypothesis, we generated a similar stretch of nucleotides (GTTTAG) by introducing a −13T>A mutation in the wild-type minigene and obtained exon 3 exclusion (Supplementary Material, Fig. S1C-F and Wdr35Δ3 MEFs to be remarkably similar. Compared with control cells, in the presence of the agonist, both cultures showed partial inhibition of the proteolytic processing of GLI3FL into its Fig. S3 ).
In view of these results, we sequenced WDR35 in a panel of 10 EvC patients previously excluded for EVC and EVC2 disease-causing variants on the basis of exon sequencing (Supplementary Material, Table S4 ). Two of these cases had also been tested for large deletions/duplications in the EvC region (7) . One proband (case 3; non-consanguineous family 2: Fig. 1G-J) was found to be a compound heterozygote for a donor splice site variant in intron 10 (c.1194+1G>A; Chr2:20166484 C>T) and a translationally silent nucleotide change in exon 27 (c.3378G>A; Chr2:20113815 C>T), involving a position which according to bioinformatic predictions (Rescue-ESE; http://genes.mit.edu/burgelab/rescue-ese/) (27, 28) is part of a putative exonic splicing enhancer (ESE; ATTG-GA), that is no longer detected in the presence of the c.3378G>A variant (Supplementary Material, Fig. S4A ). Segregation analysis confirmed the presence of both variants in the affected sister (case 4) and identified the changes in intron 10 and exon 27 as being paternally and maternally inherited respectively. Neither c.1194+1G>A nor c.3378G>A were present in the 1000 Genomes or EVS databases and interrogation of the ExAC browser which contains data from disease-specific and population genetic studies revealed an allele frequency of 0.000008256 (1/121128 chromosomes) and 0.00002473 (3/121314 chromosomes) for the c.1194 +1G>A and c.3378G>A variants respectively. This is similar to other previously reported WDR35 pathogenic variants such as p.Leu641Ter (c.1922T>G) (29) , p.Arg545Ter (c.1633C>T) (24) or p.Tyr1068Cys (c.3203A>G) (23) which are listed in the ExAC browser with allele frequencies of 0.0001801 (8/44424 chromosomes), 0.00002473 (3/121306 chromosomes) and 0.000008260 (1/121068 chromosomes). To determine the splicing defects caused by the variants identified in family 2 in vivo we performed RT-PCR in all members of the family using whole-blood as a source of RNA. This showed that the c.1194+1G>A variant was associated with exon 10 skipping and to a lesser extent with simultaneous skipping of exons 9 and 10 in the father and children, whilst the carriers of the c.3378G>A variant had a proportion of transcripts lacking exon 27 ( Fig. 1K and L) . Exclusion of exon 10 or exons 9-10, both cause in-frame deletions of 62 or 104 amino acids respectively, while loss of exon 27 predicts the replacement of the last 130 terminal amino acids by 35 new residues. The negative effect of c.3378G>A on exon 27 splicing was further verified via minigene analysis. Exon 27 was not spliced in a high proportion of transcripts from the c.3378G>A minigene demonstrating that this change either disrupts an ESE or creates an exonic splicing silencer (ESS). Control minigenes in which the corresponding c.3378G position was erased or altered to T did not fully rescued exon 27 splicing, further proving that a G at position 3378 is essential for total inclusion of this exon (Supplementary Material, Fig. S4B-D) . Additionally, we assessed whether a proportion of wild-type WDR35 transcript could still be synthesized in the affected children and to do this we performed whole-blood RT-PCR in case 4 and an unrelated control using primers located in exons 10 and 27 which are deleted in the paternal and maternal transcripts respectively. This experiment showed no amplification of the corresponding fragment in the patient indicating absence of normal WDR35 mRNA (Supplementary Material, Fig. S5 ).
Lastly we characterized the causative variant in another Egyptian child of consanguineous parents (first cousins) having features common to both EvC and CED (case 5; consanguineous family 3: Fig. 1M-P) . Similar to case 1, homozygosity analysis by SNP arrays discarded linkage to EVC/EVC2, but two CED loci, IFT122 and WDR35, were inside large homozygous blocks of 39.5 and 23.2 Mb respectively. Since sequencing of the coding regions of these genes identified no pathogenic variants, we moved on to WDR35 cDNA analysis. RT-PCR from exon 8 to 17 yielded two PCR products in the patient, one of which was larger than the expected fragment (Fig. 1Q) . Subcloning and sequencing of these products demonstrated that the abnormal splice transcript had incorporated 121 extra nucleotides from intron 13 between exons 13 and 14, while the other PCR fragment was normal (Supplementary Material, Fig. S6A) . Quantification of the wildtype mRNA levels in whole-blood by qRT-PCR revealed a 84.6% fall in case 5 with respect to a normal control (Supplementary Material, Fig. S2 ). Insertion of these extra 121 nucleotides introduces a frameshift that runs into a premature stop 7 codons later and thus the resultant transcript would likely be subjected to nonsense-mediated RNA decay. Direct sequencing of the corresponding genomic region in case 5 identified a homozygous G>T substitution two base pairs downstream of the 121 nucleotides (c.1434−684G>T; Chr2:20151929 C>A) which creates a new donor splice site (GGTAGT>GTTAGT) that is recognized with a high score (0.98; scale: 0-1) by the Fruit Fly and Human Splice Predictor programme (http://www.fruitfly.org/seq_tools/splice. html) (30) and is responsible for the activation of a cryptic exon (Supplementary Material, Fig. S6B and C) . Sequencing of 139 normal controls, 45 of which were Egyptians, failed to detect the c.1434−684G>T variant, while analysis of the normal sibling identified the change in the heterozygous state. The c.1434−684G>T variant was also not listed in the 1000 Genomes database which provides allele frequencies for intronic variants. Hence, screening of WDR35 in EvC patients lacking genetic defects in EVC or EVC2 only yield single-nucleotide changes affecting splicing.
WDR35 mediates cilial localization of the EvC complex and SMO
Given the partial overlap of IFT-A components with EVC at the base of cilia ( Fig. 2A) , we asked whether loss of WDR35 could affect the expression or localization of EVC-EVC2. To address this we analysed EVC and EVC2 in Wdr35 −/− fibroblasts by immunoblotting and immunofluorescence. Owing to defective IFT, Wdr35 −/− cultures have a low proportion of ciliated cells which exhibit very short primary cilia (24) . The retrograde motor mutant Dync2h1 pol/pol , a newly developed ENU null allele (P. Mill, unpublished data), which also have abnormal short cilia due to disrupted retrograde IFT and Wdr35 +/− cells were used as controls.
Western blot analysis showed no changes in the total protein levels of EVC and EVC2 between all genotypes, however by immunofluorescence we failed to detect either protein only in Wdr35 −/− cilia. Furthermore in response to SAG, which drives SMO into the ciliary compartment (31), only Wdr35 −/− cilia remained negative for SMO immunofluorescence (Fig. 2B-D) . These results indicate that additional IFT-A dependent functions requiring IFT121, but not retrograde transport, are specifically required for the correct ciliary entry of EVC, EVC2 and SMO.
WDR35 disease variants cause different clinical phenotypes depending on their effect on cilia
Since pathogenic changes in WDR35 lead to both EvC and CED phenotypes, the latter being milder, we investigated the correlation between the molecular defects caused by WDR35 variants and the clinical manifestations in patients. To test this we conducted retroviral-mediated cDNA rescue experiments in immortalized Wdr35 −/− fibroblasts using Wdr35:FLAG cDNA species that mimic EvC (Wdr35Δ3, Wdr35Δ10 and Wdr35Δ27) or previously reported CED variants ( p.Ser168Arg; c.504T>A and p.Glu626Gly; C.1877A>G) (19, 29) . Until now all the reported CED variants in WDR35 include missense changes in homozygosis or in combination with truncating variants (19, 23, 29, 32) . Similar to Wdr35Δ3, exclusion of exon10 (Wdr35Δ10) or exon 27 (Wdr35Δ27) in the mouse cDNA result in protein effects comparable to those caused by the human variants as do the selected CED changes which involved residues that are conserved in mouse. The resulting cultures were analysed for both cilia structure (assembly and length) and function (localization of EVC-EVC2 and SMO, and response to Hh-signalling). Supporting the different severity of the two conditions the cells retrotransduced with EvC-associated Wdr35 cDNAs were less capable to restore the Wdr35 −/− ciliary alterations and less responsive to Hh signalling than the cells carrying CED variants (Figs. 3 and 4A-D and 1E and F). However, among EvC variants the clinical phenotypes did not align with the functional data. Specifically, patients 3-4 had a milder phenotype than patients 1-2 and yet Wdr35Δ10 and Wdr35Δ27 functioned as near null alleles, whereas Wdr35Δ3 behaved as a hypomorphic variant. We believe that this is likely due to the presence of residual amounts of normally spliced WDR35 in patients 3-4. Although whole-blood RT-PCR using primers from exon 10 to 27 did not show any normal cDNA in these patients, given that the splicing of exons regulated by ESE/ESS depends on the levels of different splicing factors, some of which are tissue-specific, we cannot exclude that the c.3378G>A variant allows synthesis of some normal mRNA in certain tissues (33) . Indeed, in the minigene assay corresponding to this variant, exon 27 was correctly spliced into a low proportion of transcripts (Supplementary Material, Fig. S4D ). Finally, we examined the impact of WDR35 variants in the integrity of WDR35-IFT43 IFT-A subcomplexes (34) . We assessed this by co-immunoprecipitation making use of the FLAG epitope incorporated into the different Wdr35 cDNAs and by inmunofluorescence (anti-FLAG and anti-IFT43). We first noted that the levels of IFT43 depend on WDR35 since the amount of this protein was strongly reduced in Wdr35 −/− fibroblasts (Fig. 4E) . Immunoblotting in the cell lines expressing Wdr35 variants also showed lower levels of WDR35 and IFT43 except in Wdr35Δ10 and Glu626Gly cultures, suggesting that the majority of pathogenic variants impair the stability of WDR35 and by extension of IFT43. In spite of this, IFT43 co-immunoprecipated with WDR35 in all cell lines except Wdr35Δ27, thus indicating that the C-terminal of WDR35 is an important region for Human Molecular Genetics, 2015, Vol. 24, No. 14 | 4131 Human Molecular Genetics, 2015, Vol. 24, No. 14 | 4133 WDR35-IFT43 complex formation (Fig. 4F-H) . On the other hand by immunofluorescence we detected IFT43 and WDR35 in the primary cilium of nearly all the cell lines except in Wdr35Δ27 and Wdr35Δ10 cultures, albeit the fluorescence intensity of both proteins varied from very low values in Wdr35Δ3 fibroblasts to levels similar to normal in Glu626Gly cells (Fig. 3A and H-J) . Loss of WDR35 and IFT43 immunofluorescence signals in Wdr35Δ27 cilia can be explained by reduced stability of both proteins outside the complex, whereas in the case of Wdr35Δ10 cells, indicates that exon 10 may be critical for targeting WDR35-IFT43 complexes into the ciliary compartment, since on Western blots total WDR35Δ10 and IFT43 protein levels were normal (Fig. 4) .
Discussion
In summary we have identified WDR35 variants affecting splicing in patients classed as EvC that showed no linkage to the EvC region or were negative for EVC/EVC2 pathogenic variants. Considering the five patients as a whole, our data describe a new distinctive form of EvC characterized by a combination of clinical features overlapping with both EvC and CED. The patients from this study in addition to having short ribs, mesomelic shortening of limbs and teeth and nail dysplasia had very characteristic findings of EvC such as postaxial polydactyly of all limbs, absence of upper mucobuccal fold and multiple oral frenulae that are rare in CED (25) , and, importantly except case 5, lacked the distinctive CED facial appearance which is reported in 100% of CED patients with known genetic alteration (23) . On the other hand cases 2 and 5 had dolicocephaly and cases 3 and 4 renal failure and hepatic fibrosis, which are features more common in CED than EvC (23) . Sequencing of the coding region of WDR35 did not explain 9 cases of EvC previously excluded for EVC/EVC2 disease-causing variants on the basis of exon sequencing. There are several possibilities that could account for these cases such as deep intronic variants or genomic reorganizations in EVC, EVC2 or WDR35, or genetic alterations in other IFT-A genes previously implicated in CED (IFT122, IFT43 and WDR19) . Notably, all patients described in this report had WDR35 pathogenic variants that were either leaky (case 5), or result in a functionally hypomorphic allele (cases 1-2), or depend on the proportion of regulatory splicing factors (cases 3-4) and so, although according to our functional analysis they are more damaging than the CED changes, do not represent classical null alleles. This is probably mandatory for WDR35 variants to be able to cause an EvC phenotype, since they would need to phenocopy the diminished response to Hh signalling characteristic of Evc −/− and Evc2 −/− cells (11). Our functional analysis of EvC and CED variants show a genotype-phenotype correlation between WDR35 variants and their effect on cilia, including their effect in the localization and function of EVC-EVC2 and SMO. These studies were performed in mouse fibroblast lines due to the unavailability of patient fibroblasts. However, owing to the possibility of residual amounts of wildtype transcript in some patients, the corresponding cell lines might not perfectly replicate the human condition. This is the case of family 1 in which the total absence of wild-type transcript could not be confirmed in cases 1-2. The c.1194+1G>A variant warrants comment since apart from the expected skipping of exon 10 also leads to the simultaneous exclusion of exons 9 and 10 in a minority of transcripts. Twoexons skipping has already been reported in a considerable number of genes associated with both acceptor and donor splice site variants (35) (36) (37) (38) (39) (40) . In the majority of these cases the exclusion of two contiguous exons was shown to be due to the order of intron removal. Based on these reports skipping of exons 9-10 in individuals carrying the c.1194+1G>A variant could be explained if, at least in a proportion of transcripts, intron 9 was removed faster than introns 8 and 10 resulting in the rapid fusion of exons 9-10. Consequently, in these transcripts, the inactivation of the 5′-splice site of intron 10 would lead to the exclusion of a DNA fragment comprising intron 8-the fused exon (9-10)-and intron 10. Alternatively, simultaneous skipping of exons 9-10 could occur if in the presence of the c.1194+1G>A variant the combination of the 5′-splice site of intron 9 and the acceptor site of intron 10 was not strongly recognized by the splicesome, thus resulting in the alternative usage of the donor splice site of intron 8. However, this is less likely given that the six nucleotides corresponding to the consensus sequence of the 5′splice sites of intron 8 and intron 9 are identical.
This work also provides novel molecular insight into EVC-EVC2 biology by demonstrating that the presence of the EvC complex and Hh-driven SMO enrichment in the cilium depend on IFT121. Failure of these proteins to enter Wdr35 ) EVC and EVC2 were localized to the ciliary compartment. Since EVC, EVC2 and SMO are membrane proteins with one, two and seven transmembrane domains respectively (10), our findings are in line with the emerging role of IFT-A in the translocation of membrane proteins into the cilium. As similarly demonstrated for the small membrane associated protein (ARL13B), adenylate cyclase III (ACIII) and SMO in mutant mice for the IFT-A subunit IFT144 (41), we now show that the EvC complex is part of a growing class of diverse membrane proteins that rely on IFT-A for entry into the ciliary membrane. In conclusion, our work sheds new light into the genetics and molecular heterogeneity of the skeletal dysplasia field by defining a new form of EvC and provides a mechanism for the convergence of phenotypes resulting from pathogenic changes in EVC/EVC2 and WDR35 splicing variants.
Material and Methods
Whole-exome sequencing and array hybridization
Whole-exome sequencing and data analysis was provided by EdgeBio. Agilent SureSelect Human All Exon 50Mb kit was used for exome capture and exome libraries were sequenced on the Life Technologies SOLiD v.4 platform with 50 × 35 paired end reads. The filtering pipeline used to analyse variants is in Supplemental Material, Table S1 . High density SNP arrays were performed as described earlier (42) .
Sequence variant screening and nomenclature WDR35 coding exons and at least 100 bp of the adjacent introns were amplified by standard PCR from peripheral blood genomic DNA. PCR products were enzymatically treated with alkaline phosphatase and exonuclease I (ExoSapit; GE Healthcare) prior to be sequenced using a dye terminator cycle sequencing kit and run on an ABI 3730 sequencer (Applied Biosystems). Sequencing of IFT122 was conducted using an in-house next generation sequencing (NGS) panel for detection of pathogenic variants in skeletal dysplasias comprising 315 genes. There are two mRNA isoforms annotated in NCBI for WDR35, NM_001006657.1 and NM_020779.3, which differ in the presence of the 33-nucleotide alternative exon 11, however we only detected the shorter transcript (NM_020779.3) in blood cDNA from both patients and controls. Nevertheless, to be consistent with the previous WDR35 literature, variants were named using NG_021212.1 and NM_001006657.1 as reference sequences and checked with Mutalyzer software (http://www.mutalyzer.nl/) (43) . Chromosomal positions are referred to the GRCh37/hg19 genome assembly.
Minigene assays and RT-PCR
For each splicing assay, a PCR fragment spanning the corresponding exon and adjacent intronic sequences was cloned into the plasmid pSLP3. Both single-point and deletion mutants were generated by PCR-mutagenesis or using the Quick-change site-directed mutagenesis kit (Agilent technologies). All constructs were sequenced to verify the absence of any other nucleotide changes. Minigenes were introduced into COS-7 cells with Lipofectamine 2000 (Life Technologies) and 24 h after transfection, RNA was extracted with TriReagent (Ambion). For wholeblood RT-PCR, blood samples were collected in PAXgene RNA tubes and total RNA isolated with the PAXgene RNA blood kit (PreAnalytiX) following the manufacturer's instructions. cDNAs were synthesized with random primers from 5 µg of total RNA using SuperScript III First Strand kit (Life technologies).
Real-time RT-PCR
Whole-blood RNA isolated from PAXgene tubes was retrotranscribed with the High Capacity cDNA Reverse Transcription Kit from Applied Biosystems using random primers. qRT-PCR was performed using Power SYBR Green PCR Master Mix on a 7900HT Fast Real-Time PCR System apparatus (Applied Biosystems). Following PCR, dissociation curves were generated to ensure amplification of the desired product. Samples were run in triplicates and normalized against GUSB expression. For each primer pair fold difference was calculated by the 2 −ΔΔCt method.
The location and sequence of the primers are indicated in Supplementary Material, Figure S2 .
Retroviral constructs, titration and transduction
Humanized Wdr35 cDNAs were engineered by site-directed mutagenesis as described in the minigene assays section using the IMAGE clone 5704780 (BC056925.1) as template. This clone contains a p.Tyr634His (c.1900T>C) change with respect to the reference sequence (NM_172470.3) which was corrected by sitedirected mutagenesis. A FLAG-tag (DYKDDDDK) was added in-frame to the C-terminus of each Wdr35 cDNA variant by PCR amplification and the resulting constructs were cloned into the retroviral vector pBabe and verified by sequencing. Retroviruses were produced in HEK293T cells by co-transfecting the packaging plasmid pCL-Eco with the different retroviral Wdr35:FLAG constructs using calcium phosphate. After 48 h, supernatants were collected, filtered and centrifuged at 53 000 g for 2 h at 4°C. Pellets containing retroviruses were resuspended in phosphate buffer saline (PBS) overnight at 4°C. For retroviral titration, MEFs were infected with the same amount of each retroviral stock for 10 h and then seeded at low-cell concentration. Following puromycin selection (2 μg/ml, 72 h) survival colonies were counted and the concentration of competent retroviral particles (c.r.p.) obtained assuming that each cell colony was generated from one cell infected by one retroviral particle. For experimental purposes 3 × 10 5 MEFs ( p60) were treated with 3.5 × 10 4 c.r.p. using polybrene and subjected to three successive infections. Positive-infected cells were selected with puromycin as indicated above before being used in experimental procedures.
Cell culture
All cells were cultured in growth medium [DMEM with 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 µg/ml streptomycin and 0.25 µg/ml amphotericin B (Life Technologies)]. For SAG treatment, cells were seeded at a density of 4.5 × 10 5 cells/ p60 dishes and 24 h later changed to low serum medium (DMEM with 0.5% FBS and antibiotics) containing 100 nM SAG (Calbiochem) or its vehicle (DMSO) and maintained for another additional 24 h. For proteasome inhibition, cells were treated with 40 µM of MG132 (Calbiochem) for 7 h before lysis. The same concentration of MG132 was maintained in the lysis buffer to avoid proteasome activity during cell lysis. MEFs were isolated from E11.5 or E13.5 littermates following standard protocols and immortalized using retroviruses carrying a genomic fragment of the SV40-adenovirus containing the Large T and small T antigen.
Antibody production
The entire coding sequence of the mouse IFT43 protein (NM_001199843.1) was fused to a 6 × His-tag and purified from E. coli by Ni 2+ -affinity chromatography (Novagen) to immunise rabbits. Anti-IFT43 antibodies were affinity purified by passing the serum through a column containing the antigen coupled to CNBr-activated Sepharose 4B (GE Healthcare).
Immunofluorescence
For immunofluorescence cells were seeded on cover glasses and maintained for 24 h in low serum medium to promote ciliation. Subsequently cells were fixed in either 4% PFA/PBS for 5 min at room temperature (for EVC, EVC2, SMO, NPHP1, IFT43 and IFT88 staining) or chilled methanol for 3 min on ice (for FLAG and CEP290 detection). After permeabilization (for PFA-fixed cells) and blocking, cover glasses were incubated overnight in a wetchamber with the corresponding antibodies. Primary antibodies: anti-EVC, anti-EVC2, SMO antiserum and anti-NPHP1 (1:1000) (11, 44) , anti-IFT43 (1:2000; this work), anti-IFT88 (1:1000; Proteintech, 13967-AP), anti-FLAG (1:50; SIGMA F1804) and anti-CEP290 (1:100; Abcam, Ab84870). Ciliary axonemes were labelled with anti-acetilated tubulin (SIGMA, 1:6000) or anti-detyrosinated tubulin (MILLIPORE, 1:2000) and anti-γ-tubulin (SIGMA, 1:2000) stained the basal bodies. Fluorescence-conjugated secondary antibodies (1:1000, 1 h at room temperature) were from Molecular Probes and nuclei were stained with DAPI.
Immunoprecipitation and western blotting
Cells were homogenized in lysis buffer [20 m Hepes pH 7.4, 100 m NaCl, 1,5 m MgCl 2 , 1 m EDTA, 1 m EGTA, 0,1% NP40 and protease and phosphatase inhibitors (SIGMA)] and the cleared lysates were incubated end-over-end with anti-FLAG M2 magnetic beads (SIGMA) overnight at 4°C. Immunocomplexes were washed extensively in lysis buffer and eluted from beads. Western blotting was performed as described earlier (11 
Data analysis
Quantification of total protein levels was performed by band densitometry with ImageJ, cilia length was obtained with NISElements software and to calculate the fluorescence intensity at the ciliary region, we measured for each cilium the average intensity of the specific signal and subtracted the intensity of an adjacent region without specific stain using ImageJ. Statistical analysis were assessed by unpaired Student's t-test using GraphPad software. P-values ≥ 0.05 were considered non-significant (n.s.); ***P < 0.001; **P < 0.01; *P < 0.05. Bar graphs are expressed as mean ± SD.
Supplementary Material
Supplementary Material is available at HMG online.
